ABSTRACT: An objective of commercial beef cattle crossbreeding programs is to simultaneously optimize use of additive (breed differences) and non-additive (heterosis) effects. A total of 6,794 multibreed and crossbred beef cattle with phenotype and Illumina BovineSNP50 genotype data were used to predict genomic heterosis for growth and carcass traits by applying two methods assumed to be linearly proportional to heterosis. The methods were as follows: 1) retained heterozygosity predicted from genomic breed fractions (HET1) and 2) deviation of adjusted crossbred phenotype from midparent value (HET2). Comparison of methods was based on prediction accuracy from cross-validation. Here, a mutually exclusive random sampling of all crossbred animals (n = 5,327) was performed to form five groups replicated five times with approximately 1,065 animals per group. In each run within a replicate, one group was assigned as a validation set, while the remaining four groups were combined to form the reference set. The phenotype of the animals in the validation set was assumed to be unknown; thus, it resulted in every animal having heterosis values that were predicted without using its own phenotype, allowing their adjusted phenotype to be used for validation. The same approach was used to test the impact of predicted heterosis on accuracy of genomic breeding values (GBV). The results showed positive heterotic effects for growth traits but not for carcass traits that reflect the importance of heterosis for growth traits in beef cattle. Heterosis predicted by HET1 method resulted in less variable estimates that were mostly within the range of estimates generated by HET2. Prediction accuracy was greater for HET2 (0.37-0.98) than HET1 (0.34-0.43). Proper consideration of heterosis in genomic evaluation models has debatable effects on accuracy of EBV predictions. However, opportunity exists for predicting heterosis, improving accuracy of genomic selection, and consequently optimizing crossbreeding programs in beef cattle.
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INTRODUCTION
George H. Shull (1914 Shull ( , 1948 coined the term "heterosis" (Syn. hybrid vigour) to describe a phenomenon where crossbred organisms have increased growth, productivity, fertility, and vigour over their purebred parents. Heterosis has immense economic value in plant and animal agriculture and has been exploited in many production systems (Lippman and Zamir, 2007; Krishnan et al., 2013) . Although, the genetic basis of heterosis is still a subject of investigation, the hypotheses are based on the evidence of increased heterozygosity in crossbreds relative to straightbreds and is maximized in F 1 hybrids (Falconer and Mackay, 1996) . Retention of heterosis in crossbreds past the F 1 generation is predictable based on a dominance model and is assumed proportional to heterozygosity retained (Dickerson, 1973) .
In practice, identification of superior parents to be used for crossbreeding and testing the performance of different crosses under field conditions can be expensive and time consuming. Attempts have been made using genomic tools to estimate the proportion of phenotypic variation attributable to non-additive SNP effects for traits that express heterosis (Su et al., 2012; Bolormaa et al., 2015) . Working with poultry, Amuzu-Aweh et al. (2013) predicted heterosis with accuracy up to 50% using the genome-wide average squared difference in allele frequency (SDAF). Developing a reliable method of predicting heterosis for crossbred beef cattle could improve the efficiency of crossbreeding and improve the accuracy of estimated breeding values (EBV) by accounting for non-additive genetic effects in the genomic evaluation model.
The aim of the present study was to predict genomic heterosis for growth and carcass traits in beef cattle using two methods assumed to be linearly proportional to heterosis, to compare methods based on prediction accuracy from cross-validation, and to test the impact of predicted heterosis on the accuracy of genomic breeding values (GBV).
MATERIALS AND METHODS
All management and procedures involving live animals, where applicable, conformed to the guidelines outlined by the Canadian Council on Animal Care (1993); otherwise, existing data sets from the various Canadian research herds were used.
Prediction of Genomic Breed Fractions
Genomic breed fractions were predicted for all individuals (n = 6,794) using the ADMIXTURE software (Alexander et al., 2009) . A 10-fold crossvalidation procedure available in ADMIXTURE was performed to find the best possible K value with the lowest cross-validation error (Alexander et al., 2009 ). The resulting breed fractions at K = 6 were selected from the ADMIXTURE analysis and aligned with the known sire breed information to identify the various breed ancestries existing in the dataset. Six breed ancestors were uniquely identified and defined as Angus, Hereford, Charolais, Crosses, Kinsella Composite, and Beefbooster TX Composite. The Crosses represented two or more way crossbreds involving Angus, Hereford, Charolais, Simmental, Gelbvieh, Limousin, and Piedmontese. The genomic breed fraction was used to designate animals as purebred Angus, Hereford, or Charolais based on having greater than 80% of the represented major breeds, while another set of animals were grouped as Angus-based, Herefordbased, and Charolais-based crossbreds based on having 50%-80% of the leading breed fraction. Also, the breed fractions were fitted as covariates in the various statistical models defined below to correct for population stratification and breed effects.
Model Definitions and Statistical Analysis
As a first step, assuming heterosis is due to dominance and overdominance, variance component analyses were carried out to estimate the contribution of additive and non-additive genetic effects to the total phenotypic variation of the studied traits using four linear mixed effect models and all dataset (n = 6,794). Each model differed based on the source of relationship matrix used in the analysis. 
where y is a vector of phenotypic observations; µ is the population mean and 1 is a vector of ones; depending on the trait analyzed, X is the design matrix that relates the fixed effects to the observation while b is an unknown vector of fixed effects (contemporary groups formed based on herd, year, sex, and management groups; data source, covariates of dam age, weaning age, start age for feedlot test, slaughter age, and breed fractions); a and g are vectors of random additive genetic effects; w and d are vectors of random dominance effects; e is a vector of random residual effects; Z 1 , Z 2 , Z 3, and Z 4 are incidence matrices that relate effects to phenotypes; a, w, g, d, and e are normally distributed as:
and e ~ N(0,σ 2 e I), respectively. The matrix A is the numerator relationship constructed from pedigree, I is an identity matrix, and W is the dominance relationship based on pedigree which was extracted from a gametic relationship matrix constructed by the method described by Schaeffer et al. (1989) . The gametic relationship is defined as the matrix of probabilities that two alleles are identical by descent and has the order 2n for n individuals assuming two alleles at a locus (e.g., individual A has alleles A1 and A2). Therefore, W between two animals, A and B, in the absence of inbreeding was derived from a gametic relationship matrix as (
, where A1 and A2 are the alleles of individual A, and B1 and B2 are the alleles of individual B. The genomic additive relationship matrix G was constructed from genotype information according to the method described in detail by VanRaden (2008) as follows: G = ZZʹ/ 2 Σ (p j ) (1-p j ). The matrix Z is of the order n × m (i.e., the number of individuals by the number of SNPs). The elements in Z are equal to −2p j , 1−2p j , and 2−2p j for genotypes AA, AB, and BB, while p j is the allele frequency of the B allele at the jth SNP. The genomic dominance relationship matrix D was constructed from genotype information following the method described by Vitezica et al. (2013) as follows: D = HHʹ/2Σ(p j q j ). Depending on the genotype at jth SNP, the elements of H matrix were −2q j 2 , 2p j q j , and −2p j 2 for AA, AB, and BB genotypes, while p j and q j are the allele frequencies.
In constructing G and D for these multibreed and crossbred dataset, breed-specific allele frequencies were not applied because Ibánẽz-Escriche et al. (2009) noted that models that fit breed-specific SNP allele effects for crossbred population may not be necessary if high density markers are utilized to trace ancestor alleles with precision. More so, across-breed genomic predictions were performed successfully in previous studies using samples of the current dataset without assuming breed-specific allele frequencies for the G matrix (Lu et al., 2016; Akanno et al., 2017) . In addition, phenotypes will be adjusted for breed effects using the predicted genomic breed fractions, which accounts for any potential confounding due to breed. Because there were 1,492 dams with two or more progeny with records, random maternal genetic effects and maternal permanent environmental effects were included in the model for analysis of pre-weaning traits. See Table 1 for details of model definition for each trait. Genomic prediction was carried out using the genomic best linear unbiased prediction (GBLUP). In the GBLUP analyses, pedigree was used to account for random maternal effects for pre-weaning traits because most dams were not genotyped.
Prediction of Genomic Heterotic Effects
Genomic heterotic effects were predicted by two methods: 1) Heterosis was assumed to be linearly proportional to retained breed heterozygosity (HET1). First, genomic retained heterozygosity (RH) was calculated for all individuals following the formula of Dickerson (1973) :
where P i is the genomic breed fractions of each of the s contributing breeds. To test the significance of RH for predicting heterosis, crossbred phenotypes were regressed on calculated RH values by extending model 1 as follows:
HET RH
where y is a vector of the observed phenotypes for crossbreds, 1, µ, X, b, Z 1, a, and e were as defined for model 1 above, β t is the estimated linear coefficient of the regression of crossbred phenotypes on RH . Predicted heterosis was then derived as the product of β t estimated for each trait and RH values. This approach is similar to the method applied by Amuzu-Aweh et al. (2013) using SDAF. Later, calculated RH values were averaged across all the breed groups described previously and expressed in percentage by multiplying by 100. 2) Heterosis was predicted as the deviation of adjusted crossbred phenotypes from the midparent value (MPV) termed HET2.
where y is a vector of crossbred phenotypes; µ is the population mean; X is the design matrix while β is the coefficients of all fixed effects in model 1 but excluding genomic breed fractions; y* is the adjusted crossbred phenotype; MPV ABF BEi i s = × ∑  , ABF is the average genomic breed fractions of parents across s contributing breed ancestors and BEi  is the breed effect of breed i on studied traits. Here, BEi  was estimated from another run of model 1 that includes genomic breed fractions as fixed covariate. Producing y* this way allows MPV to account for breed effects when predicting heterosis, elsewhere adjusted phenotypes were produced by adjusting all systematic effects including breed fractions.
Accuracy of Predicted Heterosis
To evaluate the accuracy of predicted heterosis, another form of adjusted phenotype (y 
The model used for WWT is similar to the one used for W205D except that weaning age was not included.
model 1 that fits all fixed effects associated with each trait including genomic breed fractions. This adjusted phenotype (y # ) was treated as observed heterosis and assigned for validation purpose following the approach described by Amuzu-Aweh et al. (2013) . Subsequently, a mutually exclusive random sampling of all crossbred animals (n = 5,327) was performed to form five groups replicated five times with approximately 1,065 animals per group. In each run within a replicate, one group was assigned as the validation set, while the remaining four groups were combined to form the reference set used for estimation of β t or BEi  depending on the method of heterosis prediction. Thus, genomic heterosis was predicted for every crossbred animal without using its own observation and the correlation between the observed heterosis and the predicted heterosis was taken as the accuracy of heterosis prediction. Note that for predicting and validating HET2, y* ≠ y # . That is, model 1 was applied to generate y* in the validation animals excluding breed fractions in the model followed by estimating BEi  in the training set using full model 1, while y # was obtained for all crossbred individuals using full model 1.
Improving Accuracy of Genomic Prediction of Breeding Values
A scenario for improving prediction accuracy of GBV by accounting for predicted heterosis in the genomic evaluation model for crossbreds was studied.
The following three models were tested:
where HET1 and HET2 are heterosis predicted for every crossbred animal according to the two methods described above. The rest of the terms in the models were as previously defined. A crossvalidation approach was applied and genetic correlation was used to compare all models for GBV prediction accuracy. All analyses were conducted in R statistical software using default programs where applicable (Ihaka and Gentleman, 1996) and linked to ASReml software (Gilmour et al., 2015) for variance component estimation and genomic prediction.
RESULTS AND DISCUSSION

Descriptive Statistics and Variance Components Estimation
The number of records used, mean performance, and coefficient of variation for all traits studied in purebreds and crossbred beef cattle populations are summarized in Table 2 . Mean phenotypic performance across traits were typical of commercial beef cattle and showed considerable variation in purebreds and crossbreds. Traits that typically express heterosis had slightly greater coefficient of variation in crossbreds than in purebreds. Table 3 shows the proportions of total phenotypic variance explained by all genetic effects for growth and carcass traits in beef cattle derived from four models that utilized a pedigree-based or genomebased relationship. Random maternal genetic and maternal permanent environmental effects were included in all models for evaluating pre-weaning traits (e.g., BWT, WWT, W205D, and PDG). This was achieved by using pedigree relationship to account for maternal effects in both pedigree-based and genome-based models because dams with more than one progeny in the dataset frequently were not genotyped. Narrow-sense heritability estimates from models 1 and 2 that used a pedigree relationship were similar for each trait evaluated (Table 3) . Similarly, heritability estimates from models 3 and 4 that utilized a genomic relationship were also similar for each of the studied traits. This similarity in heritability estimates between models utilizing the same type of relationship matrix has been previously observed in a study with pigs (Lopes et al., 2015) . However, estimates of heritability from a genomebased model were generally lower than the estimates from pedigree-based models (Table 3 ). This reduction in heritability estimates from a genomebased model as opposed to a pedigree-based model has also been observed before (Lopes et al., 2015; Akanno et al., 2017) and has been referred to as missing heritability (Lee et al., 2011) . This is because the heritability from the genome-based model includes only the contribution of causal variants in linkage disequilibrium with the SNP markers and not the contribution of all causal variants as in the pedigree-based model.
The estimates of heritability for growth traits in our population using all four models were moderate to highly heritable ranging from 0.30 to 0.64 (Table 3) , which is slightly greater than values of 0.22 to 0.55 previously reported for growth traits in North American beef cattle populations (Schenkel et al., 2004; Schiermiester et al., 2015) . On the other hand, heritability estimates for carcass traits across all models ranged from 0.26 to 0.45, which agrees with the range of values reported by Miar et al. (2014) for a Canadian dataset (0.22 to 0.38) and those reported (0.15 to 0.97) in a review by Rios Utrera and Van Vleck (2004) for beef cattle in general. Heritability estimates from the current study are based on multiple breeds and crossbred dataset, which is likely to be greater compared with estimates from a single breed as in previous studies.
Accounting for dominance effects in both pedigree-and genome-based models for across breed genetic evaluation of growth traits (BWT, WWT, W205D, PDG and YWT) improved the predictability of the models based on likelihood ratio test (P < 0.01) but not for carcass traits. The estimates of the proportion of phenotypic variance explained by dominance deviation from a pedigree-based model were generally large with large standard errors (SE) and ranged from 0 to 0.29 for growth traits and 0 to 0.15 for carcass traits, while estimates from a genome-based model ranged from 0.02 to 0.09 for growth traits and 0 to 0.06 for carcass traits (Table 3) . The large proportion of dominance variance from a pedigree-based model may indicate potential confounding of dominance deviation with other genetic and non-genetic factors like maternal and maternal permanent environmental effects especially for those traits where maternal effects are important.
Here, maternal heritability estimates observed for pre-weaning traits were zero or near zero across all models evaluated, while estimates of maternal permanent environmental effects ranged from 0.02 for BWT to 0.23 for PDG, on average (Table 3) . The correlation between direct and maternal genetic effects were large and negative ranging from −0.44 (WWT) to −0.66 (BWT). Several studies have shown that estimates of maternal effects on pre-weaning traits largely depends on data structure and a negative correlation between direct and maternal genetic effects can be influenced by data structure, actual genetic antagonism, or due to sire by year interaction (Meyer, 1992; Konstantinov and Brien, 2003; Maniatis and Pollott, 2003) . As there were 1,492 dams out of 4,483 with two or more progeny and only a five generation pedigree, the current data structure may not allow for proper estimation of maternal genetic and permanent environmental effects for growth traits when using pedigree relationship. Thus, the contribution of dominance deviation to phenotypic variation may be inflated and may be the reason for the large SE reported for dominance ratio from pedigree-based models.
However, the fact that dominance was identified for growth traits using pedigree-based models corroborates results from genome-based models and indicates that dominance is important for growth traits in beef cattle. The rather low estimates of dominance ratio from a genome-based model may be related to lack of power for estimating these effects when using SNP panel of limited density. Increasing the density of markers used for computing the dominance relationship among animals may lead to more accurate estimation of dominance effects for a multibreed and crossbred dataset. For example, while working with this data, Lu et al. (2016) observed stability in accuracy of genomic prediction for crossbreds using an imputed high density SNP panel, which suggest potential for higher density SNP panels to improve across breed genomic predictions.
In addition, the magnitude of dominance ratios reported for growth traits using genome-based models were within the range of values observed previously for beef cattle (0.07-0.47; Misztal et al., 1998; Roso et al., 2005; Chen et al., 2014; Bolormaa et al., 2015) and for other species (0.04-0.44; Dufrasne et al., 2014; Moghaddar and van der Werf, 2014) . Generally, growth traits are moderately heritable with a documented evidence of non-additive genetic effects and heterosis (Williams et al., 2010; Schiermiester et al., 2015) . Further, significant dominance effects were not detected in carcass traits (0.02-0.06) using the genomic model indicating that dominance effects may be less important for these traits. Chen et al. (2014) , however, observed dominance ratios in the range of 0.05-0.14 for carcass traits of Angus steers sampled from the data used in this study. Similarly, Bolormaa et al. (2015) reported dominance ratio of 0.10 and 0.18 for carcass fat and carcass yield, respectively.
In order to help understand the extent of contribution of genomic-based dominance effects on the variation of growth and carcass traits in beef cattle, the potential for confounding of these effects due to population stratification was investigated by splitting the entire dataset into purebred and crossbred samples based on their predicted genomic breed fractions (Figure 1) . The results showed that the best estimates of proportion of total phenotypic variance explained by dominance effects were obtained for purebreds, which are largely made up of over 70% Angus breed (Table 4 ). Our hypothesis was that the dominance effects would be larger in the crossbreds than in the purebreds reflecting greater heterosis. Surprisingly, we were generally unable to detect differences in the proportion of dominance variance between purebreds and crossbreds. This lack of significant difference in the estimates of dominance proportions between purebred and crossbred groups and across the array of studied traits may have several possible reasons including a limitation in the current dataset, which lacked the structure for proper estimation of these effects as previously discussed and could also be a consequence of ignoring breed-specific allele frequencies when constructing relationship matrix. Because the dataset used in this study consisted of multibreed and crossbred population with differing base populations, assuming a common base allele frequency in the construction of genomic relationship matrix may bias the estimation of genetic variances and (co)variance between breeds. Recently, Figure 1 . Distribution of estimated genomic breed fractions of commercial beef cattle population (n = 6,794). Angus is red, Hereford is yellow, Charolais is green, Crosses is cyan, Kinsella composite is blue, and Beefbooster TX composite is purple. See online version for figure in colour. Chen et al. (2013) and Wientjes et al. (2017) provided methods that consider population-specific allele frequencies in the construction of genomic relationship matrix of multipopulations for unbiased estimation of genetic variance and better genomic prediction. The results of the current study, however, indicated a potential for non-additive genetic effects for growth traits in beef cattle. Breeders can continue to exploit these additional effects when planning a genetic improvement program for beef cattle.
Predictions of Genomic Retained Heterozygosity
Knowledge of breed composition can be used for assessment of admixture level, correction of population stratification in genetic analysis, and planning crossbreeding programs that will exploit heterosis and breed complementarity. Here, SNP markers were used to trace the breed ancestry of a multibreed and crossbred beef cattle population to six founding genetic groups, which corresponded closely to Angus, Hereford, Charolais, Beefbooster TX composite, Kinsella composite, and a sixth group that represents a mixture of different crosses based on known sire breed information (Figure 1) . In most commercial crossbreeding systems, it may be infeasible to track ancestries of crossbred animals or the founder breeds may be wrongly assigned. In such a situation, genotypes of the crossbred individuals may be used to estimate the ancestries directly (Akanno et al., 2017) . Rapid prediction of breed composition using genomics in beef cattle populations may also be beneficial for checking the integrity of pedigree recording for seed stock.
In a crossbreeding program, the amount of heterosis retained per generation is proportional to the breed heterozygosity retained, which also depends on the number and proportions of component breeds involved in the crosses (Dickerson, 1973) . Genomic retained heterozygosity was predicted for all individuals according to the formula of Dickerson (1973) and using the predicted genomic breed fractions as inputs. The percentage of individual genomic retained heterozygosity predicted for purebreds, for different crosses, and composite populations are shown in Figure 2 . Among purebreds, the Angus breed had the highest level of retained heterozygosity followed by Charolais and Hereford. A low level of genomic retained heterozygosity as observed in Hereford breed suggests a high inbreeding level. In a genetic diversity study by Abo-Ismail et al. (2016) , the highest level of genomic inbreeding was observed for Hereford breed compared with other North American beef cattle breeds. Similarly, Cleveland et al. (2005) reported increases in pedigree inbreeding level in American Hereford cattle population over many decades, which can happen in any closed population.
When the Angus breed fraction dominated in two or more way crossbreeding, the percentage of retained heterozygosity was greatest followed by Hereford-and Charolais-based crosses. The Beefbooster TX composite, which was developed from Continental breeds (Charolais, Chianina, Maine-Anjou) and Holstein, had greater genomic retained heterozygosity than the Kinsella composite that was developed from British breeds (Hereford and Angus) plus Holstein. The remaining crossbred group had a slightly less retained Table 4 . Proportions of phenotypic variance explained by additive and dominance effects in purebreds, crossbreds, and overall populations a using genomic relationship and model 4 heterozygosity compared with Beefbooster TX composites. This group was assumed to represent the outcome of crosses involving British and Continental cattle breeds such as Angus, Hereford, Charolais, Gelbvieh, Simmental, Limousin, and Piedmontese. As British and Continental cattle breeds are distantly diverged (Kuehn et al., 2011) , crossbreeding them is expected to maximize breed heterozygosity and heterosis. Previous studies have shown greater heterosis benefits for crosses involving British and Continental cattle breeds in North American environment (Williams et al., 2010; Schiermiester et al. 2015) .
Effects of Genomic RH and Breed
A summary of breed and RH effect solutions and their associated SE for all traits studied are listed in Table 5 . Among the growth traits, the effect of RH was positive for BWT, WWT, and PDG but negative for ADG and YWT. Except for ADG, the RH effects on growth traits were not significantly different from zero (P > 0.05). For carcass traits, RH effects were positive for BFT and LMY but negative for the rest of the traits. The RH effects on HCW and MBS were significant (P < 0.05). A positive effect of RH means that the interactions between paternal and maternal alleles of different breeds yielded a value that was greater than the interactions between paternal and maternal alleles of the same breed. On the other hand, a negative effect of RH means that the interactions between paternal and maternal alleles of different breeds yielded a value that was lower than the interactions between paternal and maternal alleles of the same breed, which is akin to negative heterosis. The range of positive effects of RH on BWT and WWT (0.55 to 4.26) were within the range of heterosis (0.47-8.65) reported by Williams et al. (2010) and Schiermiester et al. (2015) for crosses involving British and Continental cattle breeds. For carcass traits, the magnitude and direction of effects of RH from this study were different from those reported for heterosis in a review by Williams et al. (2010) . Most carcass traits are highly heritable with limited contribution of heterosis to the expression of the traits.
The breed effects refer to the influence of individual genomic breed fractions on the traits of interest. Overall, the larger framed Continental breeds (Charolais and Beefbooster TX) had effects that were mostly positive (P < 0.05) across studied traits, whereas the smaller framed British breeds (Angus and Hereford) had effects that were mostly near zero (P > 0.05). A similar relationship has been previously observed (Arango et al., 2002) . These estimates were reported as deviations from Kinsella composite. Because previous studies (RodriguezAlmeida et al., 1997; Arango et al., 2002; Williams et al., 2010) reported breed comparisons as deviations from a different breed, it is not possible to make trait-based comparison to the results from the current study; however, there is similarity in the trends when comparing association in British and Continental cattle breeds.
Predicted Genomic Heterosis
Predicted genomic heterosis for growth and carcass traits in different crosses of beef cattle validation groups are shown in Figures 3 and 4 . In general, heterosis predicted by HET1 method resulted in less variable estimates than HET2. However, heterosis predictions from HET1 method were mostly within the range of estimates generated by HET2. Further, heterosis predicted by HET1 methods were mostly positive for growth traits (Figure 3 ) but were largely negative for most of the Individual genomic heterosis for growth traits predicted in the crossbred validation group of beef cattle using two prediction methods (Red = heterosis predicted as retained heterozygosity (HET1), Black = heterosis predicted as deviation of adjusted crossbred phenotype from MPV (HET2)). ANB = Angus-based crosses (50%-80% Angus proportion in crossbreds), HEB = Hereford-based crosses (50%-80% Hereford proportion in crossbreds), CHB = Charolais-based crosses (50%-80% Charolais proportion in crossbreds), CR = Two or more way crosses involving Angus, Hereford, Charolais, Gelbvieh, Simmental, Limousin, and Piedmontese, KC = Kinsella composite, and BB = Beefbooster TX composite (www.beefbooster.com). Estimated in model 3 using all data (n = 6,794); AN = Angus, HE = Hereford, CH = Charolais, CR = two and more way crosses, BB = Beefbooster TX composite (www.beefbooster.com).
*P < 0.05; **P < 0.01; ***P < 0.001. carcass traits (Figure 4 ). This suggests greater importance of heterosis for growth traits. Williams et al. (2010) and Schiermiester et al. (2015) reported positive heterosis effects for growth traits including BWT, WWT, and YWT. Also, positive heterosis effects were reported for carcass traits including HCW, LMY, BFT, and MBS in crosses involving British and Continental cattle breeds (Williams et al., 2010) . For all traits evaluated, the trend in predicted heterosis tended to increase slightly, on average, as one moves from a two-way cross that utilizes British breeds to composites developed from British and Continental cattle breeds ( Figures  3 and 4) . This is expected because British and Continental cattle breeds are genetically divergent from each other (Kuehn et al., 2011) , and thus, heterosis is expected to be maximized in the direction of increased divergence of breeds.
Here, genomic tools were applied to investigate the contribution of heterosis to phenotypic expression of beef cattle production traits. The assumption was that heterosis is due to events of dominance and over-dominance at the molecular genetic level, which means that the presence of heterosis implies presence of dominance and overdominance effects. However, the presence of dominance and overdominance effects does not directly translate to the presence of heterosis unless dominance and overdominance effects are directional. Although, the genetic basis of heterosis is still a subject of scientific investigation, a few studies have shown that dominance is an important factor contributing to heterosis in beef cattle (Su et al., 2012; Bolormaa et al., 2015; Akanno et al., 2017) , while epistatic effects have also been observed (Bolormaa et al., 2015) . We investigated epistasis by performing a joint genome-wide association that models epistatic effects for a set of previously identified additive and dominant SNPs. The results showed negligible effects of epistasis on phenotypic variation of beef cattle traits in our dataset (unpublished data). Therefore, further investigation is warranted. Moreover, previous studies have investigated the relationship between production traits and genomic heterozygosity, which is similar to heterosis predicted by HET1 method, and have concluded that a strong relationship between genomic heterozygosity and heterosis does exist, which will be useful for predicting hybrid performance (Xiao et al., 1995; TambascoTalhari et al., 2005) . In the presence of dominance and overdominance, superior performance of heterozygotes could be described as a manifestation of physiological differences between heterozygotes and parental homozygotes, which cause variations in observed characters. . Individual genomic heterosis for carcass traits predicted in the crossbred validation group of beef cattle using two prediction methods (Red = heterosis predicted as retained heterozygosity (HET1), Black = heterosis predicted as deviation of adjusted crossbred phenotype from MPV (HET2)). ANB = Angus-based crosses (50%-80% Angus proportion in crossbreds), HEB = Hereford-based crosses (50%-80% Hereford proportion in crossbreds), CHB = Charolais-based crosses (50%-80% Charolais proportion in crossbreds), CR = Two or more way crosses involving Angus, Hereford, Charolais, Gelbvieh, Simmental, Limousin, and Piedmontese, KC = Kinsella composite, and BB = Beefbooster TX composite (www.beefbooster.com).
In crossbreeding systems, the identification of crosses with superior performance is usually the major focus. This identification requires testing the performance of different crosses under field conditions, which can be expensive and time consuming. To address this question, we predicted genomic heterosis by a cross-validation approach, where the two measures of heterosis were predicted from crossbred data that excludes validation animals in the training set (Figures 3 and 4) . This allows us to use the validation animals for testing the performance of the different crosses and hybrids. Note that observed heterosis was generated for all crossbred individuals by adjusting their phenotype using the default model 1 and following the approach reported by Amuzu-Aweh et al. (2013) . Thus, both predicted heterosis and observed heterosis was available for each individual. This gives the opportunity to evaluate the expected heterosis for different crosses and composite populations using two measures of heterosis prediction and to test the accuracy of prediction. Table 6 shows the average accuracy of genomic heterosis predictions using a cross-validation approach for two prediction methods. The accuracy was assessed as correlation between observed and predicted heterosis (Amuzu-Aweh et al., 2013) . For growth traits, the average accuracy ranged from 0.34 for WWT to 0.43 for ADG using HET1 method and from 0.37 for BWT to 0.98 for ADG using HET2 method, respectively. For carcass traits, the average accuracy ranged from 0.38 for HCW to 0.41 for BFT using HET1 method and from 0.57 for LMY to 0.87 for HCW using HET2 method, respectively. Across traits, accuracy of genomic predictions tended to be greater using the HET2 method than HET1. This is probably because heterosis predicted by HET2 captured most of the non-genetic effects that were not explained by the model used in estimating the adjusted crossbred phenotypes. However, the HET1 method is convenient and straight forward for heterosis prediction when genomic data are utilized because the retained heterozygosity applied in this method can be explicitly predicted from genomic breed fractions. In a preliminary study of heterosis prediction using a subset of data from this study, we found that the correlation between heterosis predicted by HET1 method and retained heterosis predicted from pedigree-based breed fractions was about 0.96 and we concluded in that study that the HET1 method was a good predictor of heterosis (Akanno et al., 2017) . More so, the HET1 method depends on the assumption that heterosis is linearly proportional to expected breed heterozygosity, and the average prediction accuracy across traits (0.38) was close to ~0.50 reported by Amuzu-Aweh et al. (2013) for egg production traits using the method of SDAF. Prediction accuracy was better for growth traits than for carcass traits using the two methods, which suggests that breeders can explore this extra benefit of heterosis when planning genetic improvement for growth traits in beef cattle. Table 6 . Average accuracy (±SE) of genomic heterosis and GBVs for growth and carcass traits of beef cattle using a cross-validation approach
Accuracy of Genomic Heterosis Predictions
Improving Accuracy of GBVs Prediction
This study also evaluated a scenario for improving prediction accuracy of GBV by accounting for non-additive genetic effects and heterosis in the genomic evaluation models (Table 6) . Surprisingly, no changes in prediction accuracy of GBV were observed when including heterosis predicted by the HET1 method in the genetic evaluation models for each trait. Thus, accounting for retained heterozygosity in the genomic evaluation model did not improve prediction accuracy. This finding is consistent with the results of previous studies (Moghaddar and van der Werf, 2014; Bolormaa et al., 2015) , which showed that accounting for non-additive genetic effects in genomic evaluation models does not improve accuracy of GBV predictions. However, the likelihood ratio test used to compare models with and without heterosis predicted by HET1 methods were significantly different (P < 0.01), which suggests that including heterosis predicted by HET1 method in genomic evaluation of multibreed and crossbred beef cattle population can improve model predictability and unbiasedness of genomic predictions (Su et al., 2012) . Earlier research by Misztal et al. (1998) also demonstrated the benefit of incorporating non-additive genetic effects in genetic evaluations of swine, dairy, and beef cattle. Moreover, application of heterosis model in selection and mating programs creates opportunity for predicting hybrid performance through the exploitation of specific combining ability to maximize growth potentials (Dufrasne et al., 2014 ).
An interesting observation from this study was that including predicted heterosis from the HET2 method in the genomic evaluation model improved accuracy of GBV prediction up to 20% for some traits. Although, it is not very clear why this result occurred, it is most likely that the predicted heterosis accounted for some of the unknown sources of variation in a typical genomic evaluation model for crossbreds. Nevertheless, this study shows that opportunity exists for improving accuracy of GBV prediction for multibreed and crossbred beef cattle populations based on currently available 50K genotypes; thus, further research is warranted to validate this finding.
CONCLUSIONS
This study utilized genomic tools to develop and evaluate methods for predicting heterosis in beef cattle and to ascertain if dominance, overdominance, and breed heterozygosity can be assessed at the molecular genetic level. Positive associations of non-additive genetic effects were observed especially for growth traits, which reflect the importance of heterosis for these traits. The HET2 method was more effective in explaining phenotypic variation attributable to heterosis than HET1. Proper consideration of heterosis in genomic evaluation models has debatable effects on accuracy of EBV predictions. However, opportunity exists for predicting heterosis, and improving accuracy of genomic selection, and consequently optimizing crossbreeding programs in beef cattle.
